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Abstract

The Duffy blood group antigen is the portal of entry of the Plasmodium vivax malaria parasite into human red blood cells and the receptor for a
number of CXC and CC chemokines. We review here epidemiological data and evidence derived from therapeutic or experimental human
infections associating P. vivax and the Duffy glycoprotein and laboratory studies indicating that P. vivax uses the Duffy antigen as a receptor to
invade the red cell. We then review recent field observations indicating that the conclusion of the absolute dependence on the presence of Duffy on
the red cell for P. vivax infection and development into the red cell no longer holds true and that in some parts of the world, P. vivax infects and
causes disease in Duffy-negative people.
© 2010 Elsevier Masson SAS. All rights reserved.

Keywords: Dufty blood group; Plasmodium vivax; Malaria; Receptor; Evolution

Résumé

La glycoprotéine Duffy exposée a la surface du globule rouge est décrite comme le récepteur de Plasmodium vivax et de plusieurs chimiokines
de type CXC et CC. Dans cette revue, sont résumés les données épidémiologiques et les résultats d’infections thérapeutiques ou expérimentales
chez I’homme qui ont permis d’associer P. vivax a la protéine Duffy ainsi que les travaux de laboratoire qui démontrent que P. vivax utilise
I’antigéne Duffy comme récepteur pour entrer dans le globule rouge. Sont ensuite discutées, les données récentes de terrain remettant en cause la
conclusion que I’interaction entre la protéine Duffy et le parasite est indispensable a 1’invasion du globule rouge par P. vivax puisque dans certaines
régions du monde P. vivax peut provoquer des acces palustres chez des sujets Duffy-négatifs.
© 2010 Elsevier Masson SAS. Tous droits réservés.

Mots clés : Groupe sanguin Duffy ; Plasmodium vivax ; Paludisme ; Récepteur ; Evolution

1. Introduction paper will be on the relationship of Duffy/DARC with malaria

parasites.

The Duffy blood group antigen is usually described as the
portal of entry of the Plasmodium vivax malaria parasite into
human red blood cells and the promiscuous receptor for a
number of CXC and CC chemokines [1,2]. Although there is a
growing literature about the role of Duffy on the red cell and on
the endothelium as a chemokine receptor, the focus of this
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The association of P. vivax with the Duffy glycoprotein is
based on epidemiological evidence and on a large body of
infections in humans, either during the decades of malar-
iatherapy in the 20th century when malaria infection was used
to treat neurosyphylitic patients or evidence obtained by
conducting controlled experimental infection in humans. We
will then summarize laboratory studies showing that invasion of
P. vivax into the red cell requires the Duffy antigen. We will put
in perspective the recent field observations indicating that the
conclusion of the absolute dependence on the presence of Duffy
on the red cell for P. vivax infection and development into the
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red cell no longer holds true and that in some parts of the world,
P. vivax infects and causes disease in Duffy-negative people.
There have been reports of P. vivax transmission within Duffy
negative populations in Western Kenya and a few cases of
infections of P. vivax infection of Duffy negative erythrocytes
in Kenya and Brazil. A recent study in Madagascar however
showed that genetically diverse isolates of P. vivax cause
asymptomatic and symptomatic vivax malaria cases, and that
the phenomenon was frequent.

2. Duffy blood group antigen

The Duffy antigen was first identified as an antigen
expressed on the surface of human red blood cells, its coding
sequence was cloned in 1993 and shown to code for a serpentine
protein with seven-transmembrane domains [3,4]. The protein
is not coupled to G-proteins or other intracellular signalling
effectors. The expression of the FY gene is not restricted to the
erythrocyte lineage. It is also expressed — and displayed onto
the cell surface — by the endothelial cells lining postcapillary
venules throughout the body, splenic sinusoids and cerebellar
neurons [4-7].

Two co-dominant alleles, FY*A and FY*B, code for the Fya
and Fyb blood group antigens, respectively. The basis of this
polymorphism is a G-to-A transition at nucleotide 131,
resulting in a single amino acid difference, G44D [8]. The
FY*A /FY*B frequency shows marked geographic disparities,
the FY*B allele being highly predominant in Africa while the
FY*A allele is dominant in Asia. The locus has four major
phenotypes: Fy(a+b+), Fy(a+b—), Fy(a—b+) and Fy(a—b—)
[4]. The molecular basis of the Fy(a—b—) phenotype is a T-to-C
transition in the GATA box of the FY gene promoter at
position — 33, which disrupts the binding site for the h-GATA1
erythroid lineage transcription factor and silences the cis allele
in erythroid cells without affecting its expression in other
tissues. First discovered in persons of African descent
associated with the FY*B allele, and called FY*BES, the same
mutation has been detected associated with the FY*A allele in
individuals living in a P. vivax-endemic region of Papua New
Guinea (FY*A") by Zimmerman et al. [9,10]. The FY*BF®
allele is almost fixed in West and Central Africa and as a
consequence, the Fy(a—b—) (null) phenotype is the predomi-
nant phenotype among populations of West and Central African
descent. It is rare among Caucasian, Amerindian, Indian and
Asian populations. The FY*AFS mutation is rare, with an allele
frequency of 0.022 [10] or (0.012) [11], and appears so far
confined to the Melanesian population [12].

An single nucleotide polymorphism at codon 89, resulting in
aR89C, a single amino acid substitution in the first cytoplasmic
domain, reduces by 90% the level of protein detected onto the
erythrocyte and its ability to bind chemokines [13,14]. The
mutation is haplotypically associated with the FY*B allele
(Fyb™*™). The allele has been described in approximately 3.5%
of the population.

There is a gene-dosage effect on the expression levels of the
Fy antigen on the red cell. Heterozygous carriers of a Duffy-
null allele, have an overall expression of the Duffy antigen on

their red cell surface reduced by 50% compared to homozygous
carriers with a wild-type promoter FY allele [10,15].

3. Plasmodium vivax

P. vivax has long been neglected and even today most
reports, including the yearly world malaria report of WHO, focus
on P. falciparum malaria. It is difficult to obtain estimates of the
prevalence of P. vivax number of clinical cases in the world.
P, vivax has a wide geographical distribution, is quite frequent in
South America and in Asia, where it is frequently the most
abundant malaria species today, but it is absent or rare in West and
Central Africa. Estimates vary from 70 million to 300 million
P. vivax clinical cases every year [16—19]. The number of actual
infections should be higher as P. vivax has the capacity to hide
dormant in the liver in healthy people who have recovered from a
primary attack (so called hypnozoite forms). Hypnozoites lead to
a large prevalence of asymptomatic cases among semi-immune
populations. In the last two decades, the situation has been
worsened by the emergence and spread of drug-resistant strains
of P. vivax in Asia and in South America [20,21]. In a number of
areas, P. falciparum malaria is decreasing but vivax malaria is
not, and sometimes is on the increase [22].

P. vivax parasites exist in tropical zones but also in some
temperate conditions and ecological situations that do not
support development of other human malaria species [17,23].
P. vivax has a unique biology, including early appearance of
gametocytes and transmission potential at low parasite
densities. It invades reticulocytes — a characteristic that has
so far hampered the development of a reliable long-term culture
system. As a consequence, limited in vitro studies have been
done on P. vivax, including only a handful of studies exploring
invasion of the merozoite- a step where the Duffy blood groups
comes into play.

4. Plasmodium vivax and disease severity

P. vivax is inappropriately considered a benign infection.
There is an increasing number of reports and a growing
appreciation that P. vivax causes signicant morbidity. Severe
and fatal P. vivax malaria has been documented in Indonesia,
Papua New Guinea, Thailand, India and South America. In the
Amazonian region of Brazil, the rate of hospital admissions for
P. vivax infections has recently increased, while those of
P. falciparum have decreased [24]; numerous cases of severe,
fatal P. vivax malaria have been documented (reviewed in [22]).
In other regions, from 20 to 40% of hospital admissions for
malaria have P. vivax mono-infection. In Papua, Indonesia, the
overall mortality among those hospitalized with P. vivax was no
different from that observed with P. falciparum and similar case
fatality rates were observed in infants for falciparum and vivax
malaria [25-28].

Severe anaemia is a frequent life threatening clinical
manifestation. P. vivax infections induce a greater inflammation
in the lungs than is observed in P. falciparum infections [29,30].
Whether P. vivax is the causal agent of death or contributes to
fatal outcome in patients with other co-morbidity is unclear. Be
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it as it is, this question does not dismiss a role for P. vivax in
malaria-related mortality that has been overlooked. As such
P. vivax should not be viewed as a “‘benign” pathogen unlikely
to act as a selective agent on the human species.

This being said, there seems to be substantial heterogeneity
in the clinical spectrum of the disease which is probably
attributable in part to difference in the parasite virulence.
Malariatherapy using P. vivax to treat neurosyphilis highlighted
differences in the parasite strains. Some strains induced
infections curing without antimalarial treatment, whereas
others caused severe infections and were associated with
case-fatality rates of 10—14%.

5. Plasmodium vivax and the Duffy antigen in Africa

P. vivax is absent or rare in West and Central Africa and has a
very low prevalence in East Africa. The gap in distribution of
P. vivax in Africa compared to the rest of the world is viewed as
the consequence of the lack of expression of the Duffy antigen on
the red cells in the African populations in whom homozygosity
for the null allele is highly predominant. In support of this view,
although less frequent than P. falciparum in East Africa, P. vivax
is endemic in some populations of Sudan, Somalia and Ethiopia
who are predominantly Duffy positive. A study conducted in
communities from Ethiopia at risk to malaria showed Duffy-
positive rates ranging from 8% in the Nilotes to 70% in the
Hamito-Semites. The relative prevalence of P. vivax mirrored the
ratio of Duffy-positive in the communities (2.4% for the Nilotes
and 27.3% for the Hamito-Semites) [31]. The exact frequency of
P, vivax in East Africa however is unknown, and to be honest, the
exact frequency of Duffy blood group is poorly documented
across Africa, as indeed few populations have been surveyed and
there are large gaps in our documentation on Duffy genotypes
and phenotypes across Africa.

Of 50,000 specimens from West Africa that they examined,
Escudie and Hamon did not find any evidence for the presence
of P. vivax, although they observed the three other human
malaria species [32]. Using a sensitive and species-specific
PCR-based methodology, we did not find any evidence for the
presence of P. vivax infection in a Senegalese setting where the
other three species of malaria parasites are transmitted [33].

However, there seems to be some P, vivax circulation in these
areas. The TropNetEurop network that recorded 585 imported
P. vivax mono-infections in European countries from 1999 to
2003, reported that 5.5% of these were travellers infected in
Central Africa. Surprisingly, for 11.4% of the P. vivax cases, the
region of infection was Western Africa, more than the 10.6% of
cases who were infected in Eastern Africa [34]. To look for the
presence of P. vivax in Africa, a PCR-based survey was
conducted in 2588 persons from nine African malaria endemic
countries. This study found no evidence of P. vivax malaria in any
of the persons, except one case, who was a Duffy-positive
inhabitant from Sao Tome, where Duffy-positive and Duffy-
negative populations live. The authors concluded that there are
sufficient numbers of Duffy-positive individuals in some areas in
Africa to maintain P. vivax transmission in areas where the
majority of the population is Duffy-negative [35].

6. Malariatherapy and experimental inoculations

Malaria therapy used from the 1920s to 1960s to treat
neurosyphilitic patients showed that African American patients
were highly resistant to P. vivax blood-stage malaria [36].
Several strains of P. vivax were used for such therapies,
including ‘““domestic’ strains from the United Sates (usually
from South Carolina) and strains from other endemic regions.
Data point to refractoriness of African—American patients to
P. vivax inoculation, although there were exceptions.

Experimental infections of healthy subjects were also
conducted to investigate the lack of susceptibility of
African—American populations to P. vivax. Boyd and Strat-
man-Thomas infected ‘‘southern negroes” with P. vivax
parasites of domestic origin by means of large numbers of
infected mosquitoes [37]. Three of six adults failed to develop
malaria, two developed brief fevers, and one developed a six-
day fever twelve days after infection followed by one brief
recurrence. Inoculation of control “white”” volunteers with the
same batches of infected mosquitoes invariably induced
malaria. Other series of mosquito-bite inoculations induced
malaria in the “white” recipients but consistently failed to
induce infection in “negroes’’ even after they were exposed to
many more infective bites than the “whites” [37]. Infections by
the bite of infected mosquitoes or by injection of infected blood
of P. vivax strains of different geographic origins, including the
Chesson strain, in “negroe’” and “white”” subjects showed close
to 100% infection in the ‘““white” recipients, and only 23% in
the “negro” people [36]. Young et al. discussed that these data
confirmed similar findings for all strains of vivax tested, which
originated from countries such as Tunisia, Sicily, Italy, Korea
and the South-West Pacific, and concluded that African
Americans have a ‘“‘general resistance to strains from all
areas” [38].

To investigate the hypothesis that rarity of P. vivax in Liberia
was due to the insusceptibility of local populations to these
parasites, Bray inoculated the Madagascar strain of P. vivax in
30 Liberians, who presumably were Duffy-negative. Only one
of these (of unknown Duffy blood group) showed a patent
blood-stage P. vivax infection, all the other being fully
refractory to parasite inoculations (unlike a Duffy-positive
recipient who readily became infected). Bray concluded: ‘it is
obvious that Liberians of all ages are highly resistant to
infection with the Madagascar strain of P. vivax, as was to be
expected from the results of previous work. This factor is
obviously the main cause of the absence or rarity of P. vivax in
Liberia” [39].

After the discovery of the Duffy blood group, landmark in
vivo studies by Miller et al. conclusively showed that Duffy-
negative people resisted, while Duffy-positive people were
susceptible to P. vivax blood-stage infection induced by
exposure to infected mosquitoes [40]. Five different strains
were used in this study, and infection was done by mosquito
bites. Each infection experiment included Duffy-negative and
Duffy-positive individuals, including Black Fy(a+b-) or Fy(a—
b+) heterozygotes. None of the five Fy(a—b—) black subjects
developed any patent blood stage infection, whereas all other
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volunteers were parasitaemic after a 9-15 days prepatent
period. This definitively showed that the genetic resistance
factor for vivax malaria was the Duffy blood group determinant
and that homozygosity for the null allele conferred total
refractoriness to infection to vivax malaria [40].

7. In vitro studies on Plasmodium vivax invasion

The demonstration that Duffy-negative homozygotes do not
develop P. vivax blood stage infection was followed by in vitro
experiments demonstrating that the Duffy blood group was the
receptor for P. vivax [40]. This has become since a paradigmatic
example of innate resistance to an infectious agent because of
the absence of a receptor for the agent on target cells. Studies on
the related P. knowlesi parasite, a species that infects macaques
— and recently shown to cause zoonoses in humans [41] —
were used as “model” for P. vivax, in particular with regard to
invasion mechanisms [42].

Miller et al. studied invasion of P. knowlesi merozoites into
human red cells of various Duffy phenotypes [42]. The invasion
rates for the three Duffy positive phenotypes, Fy(a+b-), Fy(a—
b+), and Fy(a+b+) were similar, but invasion was nil or
negligible in Duffy-negatives (Fya-b-). Video recording
showed that although P. knowlesi merozoites attached to Duffy
positive as well as to Duffy-negative red cells, but the complete
invasion process, which involves a subsequent localised
invagination of the red cell round the merozoite, did not occur
with Duffy-negative red cells. This indicated that — at least in
the case of P. knowlesi — initial attachment to the red cell
surface is Duffy-independent but that the following step, which
involves the formation of a tight junction, is Duffy-dependent
[42]. It has since been shown that this process involves a “Duffy
binding protein” orthologous to the P. vivax Duffy binding
protein (PvDBP, see below).

P. vivax invasion of human red cells was studied by Barnwell
et al. using a short term in vitro assay and P. vivax parasites
(Belem strain) obtained from squirrel (Saimiri sciureus)
monkeys [43]. Human Duffy-positive Fy(a+b+) and human
Duffy-negative Fy(a—b—) erythrocytes along with various
simian erythrocytes were used as target cells for invasion.
P. vivax did not invade Duffy-negative human erythrocytes,
while Duffy-positive erythrocytes were infected. Infection was
blocked by an anti-Fy6 mAb. P. vivax also invaded in vitro the
erythrocytes of Aotus and Saimiri monkeys that lack Fya and/or
Fyb Duffy determinants but carry the Fy6 and Fy3 determinants
(Saimiri monkeys have an Asn to Ser substitution at codon 44
[44]). The Fy6-negative rhesus red cells were not invaded by
P. vivax but were invaded by P. knowlesi, and P. knowlesi [43]
possesses an alternative Duffy-independent invasion pathway.

8. Mechanism of RBC invasion of Plasmodium vivax
merozoites

P. vivax infects almost exclusively reticulocytes. The
molecular basis of this is still not fully elucidated, although
it is clear that P. vivax Reticulocyte Binding Proteins (PvRBP)
come into play. PvRBP is displayed on the surface of the

invading merozoite and binds to an unknown receptor present
on the surface of the reticulocyte. Sequencing showed that the
P. vivax genome has ten pvrbp genes, the exact function of
which is still unclear [45].

The Duffy antigen is recognised by a second ligand exposed
unto the invading merozoite surface and named the PvDBP.
PvDBP is encoded by a single copy gene in the P. vivax genome
[45]. It is secreted from the micronemes of the P vivax
merozoite and discharged onto the surface of the merozoite at
the time of invasion (reviewed in [46]). Its binding to the target
red blood cell results in the formation of the tight junction that
the parasite uses to penetrate into the host cell. The receptor-
binding domain lies in cysteine-rich region II of the PvDBP
(PvDBPID) [47].

The binding site for PvDBP region II maps to amino acids
residues Ala8-Asp42 at the N-terminal extracellular region of
the Duffy antigen. A 35 amino acid peptide from this region of
Duffy blocks binding of Duffy-positive red cells to PvDBPII
expressed on the surface of COS cells [48]. Using site directed
mutagenesis of recombinant Duffy antigen, the PvDBPII
binding region was delineated between residues Q19 and W26,
which corresponds to the Fy6 determinant recognised by the
BG6 mAD shown to inbibit invasion of human erythrocytes by
P. vivax in vitro [43,49]. This is not to say that additional
residues of the extracellular domain are not important. Indeed,
sulfation of Tyr41 increases PvDBPII/Duffy antigen affinity by
up to 1000-fold and can reasonably be considered essential for
PvDBPII binding [50].

Consistent with an essential role for PvDBP in invasion,
antibodies raised to recombinant PvDBPII inhibited binding of
PvDBPII to the Duffy antigen, reacted by immunofluorescence
with the merozoite and reduced the invasion of P. vivax
parasites into Duffy-positive erythrocytes in vitro [S1]. PvDBP
is immunogenic in humans infected with P. vivax and
apparently induces antibodies that contribute to protection.
The presence of antibodies that inhibit the PvDBPII/Dufty
interaction was negatively correlated with P. vivax infection
[52]. In the field, PvDBP is polymorphic. Based on the crystal
structure of the related P. knowlesi Duffy binding protein [53],
the critical residues for receptor binding could be mapped to an
area so-called sub-domain 2. Interestingly, the Duffy-recogni-
tion site and clusters of polymorphic residues lie on opposite
sides. This spatial segregation probably reflects the last
minute” delivery of the ligand from the micronemes to the
merozoite surface, such that binding to the receptor immedi-
ately follows exocytosis, leaving the residues exposed on the
opposite face accessible for antibody binding. .. and immune
selection.

9. Plasmodium vivax infections in Duffy-negative
patients

Data published in the older literature report cases of P. vivax
infections in people of African descent. In particular, a survey
of Georgia school children conducted in 1943 showed that 57%
of the parasitaemic “white” school children had a P. vivax
infection compared to 18% of the parasitaemic ‘“‘negro” school
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children (Bispham 1943, quoted by [54]). Frequent P. vivax
malaria episodes were recorded in African American troops
stationed in a highly malarious of the South Pacific (Melanesia)
during the Second World War [54]. Such studies are difficult to
interpret because P. vivax is morphologically difficult to
distinguish from P. ovale and because the Duffy blood group of
the patients have not been determined. The possibility exists
therefore that the reported P. vivax cases were actually P. ovale
infections and/or that the black patients were not homozygous
for the null allele and were not Duffy-negative. A study
conducted in Honduras reported that 19% of persons
characterised as “white”” were Duffy negative by serologic
typing, reflecting significant black admixture in the population
[55].

However, a number of recent reports concern findings of
P. vivax in the blood of Duffy-negative persons. First, in
western Kenya, Ryan et al. reported blood infection by parasites
presenting the morphological characteristics of P. vivax in nine
children who were phenotyped as Duffy negatives by flow
cytometry for the Fy3 or Fy6 determinants [56]. P. vivax
parasite densities were low; all children were also infected with
P. falciparum and some were also infected with P. ovale or
P. malariae. However, species assignment could not be
confirmed for some of the slides upon subsequent blinded
examination by experienced microscopists. A DNA fragment
from P. vivax merozoite surface protein 1 was amplified from
the blood of four infected children, providing confirmation of
infection by the P. vivax species. Low densities and mixed
infections complicated the analysis, but there was at least one
Duffy negative child with microscopic evidence for P. vivax
blood stage infection that was confirmed by PCR. A small
fraction of Anopheles mosquitoes from the area were positive
for P. vivax circumsporozoite protein by Elisa, and PCR-
positive for the P. vivax-SSU rRNA gene. Altogether these data
indicate that P. vivax is transmitted in the region and capable of
infecting some Duffy-negative individuals [56].

Subsequently, Cavasini et al. identied two cases of P. vivax in
Duffy-negative individuals living in the Brazilian Amazon [57].
P. vivax parasites were detected using a PCR-based methodol-
ogy in two phenotypically and genotypically Duffy negatives.
The P. vivax primers used targeted the circumsporozoite locus
and identified the VK210 and/or P vivax-like variants,
indicating that at least two different “strains” were able to
infect Duffy-negative individuals [57]. A study of 312 vivax
malaria patients with microscopically positive blood smears or
positive PCR recruited in four areas from Brazil found two
Duffy negatives patients with evidence of P. vivax [58]. It is
unclear whether for these two patients, erythrocytes infected by
P. vivax have been observed.

10. Assault to the paradigm in Madagascar

Compelling evidence that P. vivax is able to infect Duffy-
negative red cells was obtained recently in Madagascar [15].
Human settlement in Madagascar, which is 250 miles off the
east African coast, is recent. The island has been peopled by a
succession of Austronesian and African migrants and more

recently Europeans and Asians over the past 2500 years. The
human populations display a full range of Duffy erythrocyte
expression phenotypes, while the four main malaria parasites
affecting humans are endemic. We conducted a study where we
investigated the association of Duffy blood groups and
susceptibility to infection by P. vivax among asymptomatic
children and malaria patients. Study subjects were recruited in
eight sites serving as sentinel sites for the surveillance of
antimalarial drug susceptibility. Duffy locus genotyping of
661 asymptomatic children showed that a large proportion
carried the FY*BES allele (allele frequency = 0.83) and 72%
were homozygous FY*B*BES. PCR species diagnosis based
on the small subunit (SSU) rDNA assay indicated that 42 of the
472 Dufty-negative samples had P. vivax parasites in the blood
(8.8% P. vivax prevalence). Many (76%) of these P. vivax-
positive Duffy negative children had P. vivax pure infections.
All 42 infections were confirmed by a second Plasmodium
species PCR assay based on cytochrome oxidase 1 (CO1). This
was a first indication that P. vivax did infect Duffy negatives and
showed that it was a rather frequent occurrence.

We then studied 183 P. vivax-infected samples from patients
seeking malaria treatment from six different health facilities in
Madagascar. P. vivax mono-infections were found in
153 patients and P. vivax/P. falciparum mixed infections were
detected in 30 patients. In these patients, the frequency of the
allele FY*B"S was 0.44. There were 17 homozygous FY*BE%/
BES P. vivax patients, including nine in whom the various PCR
assays identified only P. vivax and no other Plasmodium
species. Intraerythrocytic parasites were detected on blood
smears. Parasite densities were around 3000 intraerythrocytic
forms per microliter. To reach such densities, P. vivax must have
invaded and fully developed through multiple cycles.

To ascertain that the Duffy phenotype matched the genotype,
red blood cells were typed using conventional serology, flow
cytometry, and adsorption-elution methods. All three methods
indicated a perfect match between genotypes and phenotypes.
In particular, flow cytometry showed a gene-dosage dependent
pattern and was fully concordant with the genotypes. Thus in
this genetic environment persons with a Duffy negative
genotype had indeed no Duffy antigen on the surface of the
red cells. The conclusion of both studies thus was that in
Madagascar, P. vivax is able to infect and cause disease in Duffy
negative individuals. This capacity is not restricted to a single
strain. In contrast multilocus genotyping using microsatellite,
drug resistance and surface antigen genes showed that multiple
P. vivax strains could infect Duffy negative people.

Duffy-negative patients with P. vivax malaria were observed
at five of six study sites and we detected P. vivax-infected
Duffy-negative asymptomatic children in four of eight study
sites. Interestingly the prevalence of P. vivax infections in
Duffy-negatives was related to their relative proportion in the
local population. In the populations with a minority of Duffy
positives, P. vivax infections were confined to Duffy positives
and no P. vivax infection was detected in Duffy negatives. In
contrast, in the sites where the ratio of Duffy-positive vs. Duffy-
negative inhabitants was the highest, there was a high rate of
infection in P. vivax Duffy negatives. This is reminiscent of
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observations by Mathews and Armstrong in Ethiopia [31]. The
geographic heterogeneity in Madagascar needs to be further
explored in future studies, as well as the population structure of
the parasite. Nevertheless, it seems that sympatry of Duffy-
positives and Duffy negatives associated with a relatively high
prevalence of infections provides the conditions for P. vivax
parasites to infect Duffy negatives. P. vivax gametocytes were
observed in Duffy negative, indicative of the ability to transmit
to mosquitoes. However, proof of the transmission from Duffy
negatives has not been obtained and will need specific
investigations. The observation that in areas such as
Tsiroanomandidy nearly half the vivax infections were in
Duffy negative individuals, who accounted for 52% of the
population surveyed is a matter of concern. It suggests that
indeed P. vivax has broken through its dependence on the Duffy
antigen for establishing blood stage infection in Duffy
negatives.

The mechanisms involved in the invasion of P. vivax in
Duffy-negative erythrocytes remain to be elucidated. Clearly,
these parasites use alternate pathways for entry into red cells.
This has not been described yet for the P. vivax species. There
are multiple entry pathways for P. knowlesi and importantly for
P. falciparum. There are two main possibilities to account for
the observations in Madagascar: either the parasites have
acquired this possibility locally, i.e. in the specific geogra-
phical and ecological niche of Madagascar where Duffy
negative and Duffy positive people coexist, or the specific
situation of Madagascar with relatively high prevalence of
vivax in the malaria transmission areas has allowed to unveil
mechanisms that remain cryptic in most conditions. It is crucial
to elucidate the molecular mechanisms involved in order to
adapt the vaccination strategies accordingly, in particular the
vaccines targeting the PvDBP that are currently under
development.

11. Conclusions

Until now, the Duffy negative phenotype was viewed as
giving almost total protection against infection with P. vivax.
The mechanism of this protection is that Fy(a—b—) prevents P.
vivax from invading host erythrocytes and completing its
complex life cycle. The survival benefit in malaria-endemic
regions of Africa may have provided the selective pressure to
drive the allele to fixation in Africa, although phylogenetic
analysis rather suggests that vivax was a zoonotic infection
acquired by man in Asia [59,60]. Furthermore, it must be noted
that other red blood cell polymorphisms that are nowadays
highly prevalent protect against vivax as well and may interact
with Duffy in certain populations [61]. Whatever the history
that led to the present day situation, in vast regions of Africa
inhabited by Fy(a—b—) human populations P. vivax is nowadays
quite rare. The evidence obtained in Madagascar that multiple
P. vivax strains are capable of bypassing the Duffy-negative
invasion hurdle suggests recent evolution of the parasite.
P. vivax has gained the capacity to cause human disease. Key
questions for the future will be to investigate the transmission
potential of these strains and prevent them from spreading away

from Madagascar and to investigate whether similar parasite
evolution occurs and possibly in other regions of the world
where there is significant admixture of Duffy-positive and
negative populations.

Conflict of interest
None.
Acknowledgements

We thank all people involved in the Malagasy study,
especially Arseéne Ratsimbasoa and Bénédicte Contamin
(Centre d’infectiologie Charles-Mérieux, facult¢ de méde-
cine/département de pharmacie, Antananarivo, Madagascar),
Yves Colin, Olivier Bertrand, Julien Picot (Institut national de
transfusion sanguine, UMR-S 665 Inserm/Université Paris-
Diderot, Paris, France), Céline Barbadas, Peter Zimmerman
(Center for Global Health and Diseases, Case Western Reserve
University, School of Medicine, Cleveland, OH, USA) and
Christiane Bouchier (Institut Pasteur, Plate-forme génomique,
Paris, France).

Work in our laboratory is in part supported by BioMalPar
European Network of Excellence (LSHP-CT-2004-503578
from the Priority 1 “Life Sciences, Genomics and Biotechnol-
ogy for Health™ in the 6th Framework Programme, from Plate-
forme Génomique (Génople, Institut Pasteur, Paris) and a
Natixis grant to DM (2009-2010).

References

[1] Horuk R, Chitnis CE, Darbonne WC, Colby TJ, Rybicki A, Hadley TJ,
et al. A receptor for the malarial parasite Plasmodium vivax: the erythro-
cyte chemokine receptor. Science 1993;261:1182-4.

[2] Neote K, Darbonne W, Ogez J, Horuk R, Schall TJ. Identification of a

promiscuous inflammatory peptide receptor on the surface of red blood

cells. J Biol Chem 1993;268:12247-9.

Cutbush M, Mollinson PL, Parkin DM. A new human blood group. Nature

1950;165:188-90.

[4] Chaudhuri A, Polyakova J, Zbrzezna V, Pogo AO. The coding sequence of
Duffy blood group gene in humans and simians: restriction fragment
length polymorphism, antibody and malarial parasite specificities, and
expression in nonerythroid tissues in Duffy-negative individuals. Blood
1995;85:615-21.

[5] Hadley TJ, David PH, McGinniss MH, Miller LH. Identification of an

erythrocyte component carrying the Duffy blood group Fy-a antigen.

Science 1984;223:597-9.

Peiper SC, Wang ZX, Neote K, Martin AW, Showell HJ, Conklyn MJ,

et al. The Duffy antigen/receptor for chemokines (DARC) is expressed in

endothelial cells of Duffy negative individuals who lack the erythrocyte
receptor. J Exp Med 1995;181:1311-7.

[7]1 Rot A, Horuk R. Chapter 9 the duffy antigen receptor for chemokines.
Methods Enzymol 2009;461:191-206.

[8] Tournamille C, Le Van Kim C, Gane P, Cartron JP, Colin Y. Molecular
basis and PCR-DNA typing of the Fya/fyb blood group polymorphism.
Hum Genet 1995;95:407-10.

[9] Tournamille C, Colin Y, Cartron JP, Le Van Kim C. Disruption of a GATA
motif in the Duffy gene promoter abolishes erythroid gene expression in
Duffy-negative individuals. Nat Genet 1995;10:224-8.

[10] Zimmerman PA, Woolley I, Masinde GL, Miller SM, McNamara DT,

Hazlett F, et al. Emergence of FY*A(null) in a Plasmodium vivax-endemic
region of Papua New Guinea. Proc Natl Acad Sci U S A 1999;96:13973-7.

3

—

[6

—

Please cite this article in press as: Mercereau-Puijalon O, Ménard D. Plasmodium vivax and the Duffy antigen: A paradigm revisited.
Transfusion Clinique et Biologique (2010), doi:10.1016/j.tracli.2010.06.005



http://dx.doi.org/10.1016/j.tracli.2010.06.005

+ Models
TRACLI-2509; No. of Pages 8

0. Mercereau-Puijalon, D. Ménard/ Transfusion Clinique et Biologique xxx (2010) xxx—xxx 7

[11] Kasehagen LJ, Mueller I, Kiniboro B, Bockarie MJ, Reeder JC, Kazura
JW, et al. Reduced Plasmodium vivax erythrocyte infection in PNG Duffy-
negative heterozygotes. PLoS One 2007;2(3):e336.

[12] Albuquerque SR, Cavalcante Fde O, Sanguino EC, Tezza L, Chacon F,
Castilho L, et al. FY polymorphisms and vivax malaria in inhabitants of
Amazonas State Brazil. Parasitol Res 2010;106:1049-53.

[13] Tournamille C, Le Van Kim C, Gane P, Le Pennec PY, Roubinet F,
Babinet J, et al. Arg89Cys substitution results in very low membrane
expression of the Duffy antigen/receptor for chemokines in Fy(x)
individuals. Blood 1998;92:2147-56. Erratum in Blood 2000;95(9):
2753.

[14] Olsson ML, Smythe JS, Hansson C, Poole J, Mallinson G, Jones J, et al.
The Fy(x) phenotype is associated with a missense mutation in the Fy(b)
allele predicting Arg89Cys in the Duffy glycoprotein. Br J Haematol
1998;103:1184-91.

[15] Ménard D, Barnadas C, Bouchier C, Henry-Halldin C, Gray R, Ratsim-
basoa A, et al. Plasmodium vivax clinical malaria is commonly observed
in Duffy-negative Malagasy people. Proc Natl Acad Sci U S A 2010;107:
5967-71.

[16] Baird JK. Neglect of Plasmodium vivax malaria. Trends Parasitol 2007;
23:533-9.

[17] Galinski MR, Barnwell JW. Plasmodium vivax: who cares? Malar J
2008;7(Suppl. 1):S9.

[18] Price RN, Tjitra E, Guerra CA, Yeung S, White NJ, Anstey NM. Vivax
malaria: neglected and not benign. Am J Trop Med Hyg 2007;77(6
Suppl.):79-87.

[19] Mueller I, Galinski MR, Baird JK, Carlton JM, Kochar DK, Alonso PL,
et al. Key gaps in the knowledge of Plasmodium vivax, a neglected human
malaria parasite. Lancet Infect Dis 2009;9:555-66.

[20] Baird JK. Resistance to therapies for infection by Plasmodium vivax. Clin
Microbiol Rev 2009;22:508-34.

[21] Karunajeewa HA, Mueller I, Senn M, Lin E, Law I, Gomorrai PS, et al. A
trial of combination antimalarial therapies in children from Papua New
Guinea. N Engl J Med 2008;359:2545-57.

[22] Oliveira-Ferreira J, Lacerda MV, Brasil P, Ladislau JL, Tauil PL, Daniel-
Ribeiro CT. Malaria in Brazil: an overview. Malar J 2010;9:115.

[23] Guerra CA, Snow RW, Hay SI. Mapping the global extent of malaria in
2005. Trends Parasitol 2006;22:353-8.

[24] Santos-Ciminera PD, Roberts DR, Alecrim M, das GC, Costa MRF,
Quinnan Jr GV. Malaria diagnosis and hospitalization trends Brazil.
Emerging Infect Dis 2007;13:1597-600.

[25] Barcus MJ, Basri H, Picarima H, Manyakori C, Sekartuti, Elyazar I, et al.
Demographic risk factors for severe and fatal vivax and falciparum
malaria among hospital admissions in northeastern Indonesian Papua.
Am J Trop Med Hyg 2007;77:984-91.

[26] Tjitra E, Anstey NM, Sugiarto P, Warikar N, Kenangalem E, Karyana M,
et al. Multidrug-resistant Plasmodium vivax associated with severe and
fatal malaria: a prospective study in Papua Indonesia. PLoS Med
2008;5:e128.

[27] Genton B, D’Acremont V, Rare L, Baea K, Reeder JC, Alpers MP, et al.
Plasmodium vivax and mixed infections are associated with severe malaria
in children: a prospective cohort study from Papua New Guinea. PLoS
Med 2008;5:¢127.

[28] Poespoprodjo JR, Fobia W, Kenangalem E, Lampah DA, Hasanuddin A,
Warikar N, et al. Vivax malaria: a major cause of morbidity in early
infancy. Clin Infect Dis 2009;48:1704-12.

[29] Anstey NM, Russell B, Yeo TW, Price RN. The pathophysiology of vivax
malaria. Trends Parasitol 2009;25:220-7.

[30] Baird JK. Severe and fatal vivax malaria challenges “benign tertian
malaria” dogma. Ann Trop Paediatr 2009;29:251-2.

[31] Mathews HM, Armstrong JC. Duffy blood types and vivax malaria in
Ethiopia. Am J Trop Med Hyg 1981;30:299-303.

[32] Escudie A, Hamon J. Le paludisme en Afrique occidentale d’expression
frangaise. Med Trop 1961;21(Special):661-87.

[33] Zwetyenga J, Rogier C, Tall A, Fontenille D, Snounou G, Trape JF, et al.
No influence of age on infection complexity and allelic distribution in P.
falciparum infections in Ndiop, a Senegalese village with seasonal,
mesoendemic malaria. Am J Trop Med Hyg 1998;59:726-35.

[34] Miihlberger N, Jelinek T, Gascon J, Probst M, Zoller T, Schunk M, et al.
Epidemiology and clinical features of vivax malaria imported to Europe:
sentinel surveillance data from TropNetEurop. Malar J 2004;3:5.

[35] Culleton RL, Mita T, Ndounga M, Unger H, Cravo PVL, Paganotti GM,
et al. Failure to detect Plasmodium vivax in West and Central Africa by
PCR species typing. Malar J 2008;7:174-82.

[36] Young MD, Eyles DE, Burgess RW, Jeffery GM. Experimental testing of
the immunity of Negroes to Plasmodium vivax. J Parasitol 1955;41:315-8.

[37] Boyd MF, Stratman-Thomas WK. Studies on benign tertian malaria 4. On
the refractoriness of Negroes to inoculation with Plasmodium vivax. Am J
Hyg 1933;18:485-9.

[38] Young MD, Ellis JM, Stubbs TH. Some Characteristics of Foreign Vivax
Malaria Induced in Neurosyphilitic Patients. Am J Trop Med Hyg
1947;51-27:585-96.

[39] Bray RS. The susceptibility of Liberians to the Madagascar strain of
Plasmodium vivax. J Parasitol 1958;44:371-3.

[40] Miller LH, Mason SJ, Clyde DF, McGinniss MH. The resistance factor to
Plasmodium vivax in blacks. The Duffy-blood group genotype, FyFy. N
Engl J Med 1976;295:3024.

[41] Cox-SinghJ, Davis TM, Lee KS, Shamsul SS, Matusop A, Ratnam S, et al.
Plasmodium knowlesi malaria in humans is widely distributed and poten-
tially life threatening. Clin Infect Dis 2008;46:165-71.

[42] Miller LH, Mason SJ, Dvorak JA. Erythrocyte receptors of Plasmodium
knowlesi malaria: Duffy blood group determinants. Science 1975;189:
561-2.

[43] Barnwell JW, Nichols ME, Rubinstein P. In vitro evaluation of the role of
the Duffy blood group in erythrocyte invasion by Plasmodium vivax. J Exp
Med 1989;169:1795-802.

[44] Tournamille C, Blancher A, Le Van Kim C, Gane P, Apoil PA, Nakamoto W,
et al. Sequence, evolution and ligand binding properties of mammalian
Duffy antigen/receptor for chemokines. Immunogenetics 2004;55:682-94.

[45] Carlton JM, Adams JH, Silva JC, Bidwell SL, Lorenzi H, Caler E, et al.
Comparative genomics of the neglected human malaria parasite Plasmo-
dium vivax. Nature 2008;455:757-63.

[46] Chitnis CE, Sharma A. Targeting the Plasmodium vivax Duffy-binding
protein. Trends Parasitol 2008;24:29-34.

[47] Chitnis CE, Miller LH. Identification of the erythrocyte binding domains
of Plasmodium vivax and Plasmodium knowlesi proteins involved in
erythrocyte invasion. J Exp Med 1994;180:497-506.

[48] Chitnis CE, Chaudhuri A, Horuk R, Pogo AO, Miller LH. The domain on

the Duffy blood group antigen for binding Plasmodium vivax and

P. knowlesi malarial parasites to erythrocytes. J Exp Med 1996;184:

1531-6.

Tournamille C, Filipe A, Badaut C, Riottot MM, Longacre S, Cartron JP,

et al. Fine mapping of the Duffy antigen binding site for the Plasmodium

vivax Duffy-binding protein. Mol Biochem Parasitol 2005;144:100-3.

[50] Choe H, Moore MJ, Owens CM, Wright PL, Vasilieva N, Li W, et al.

Sulphated tyrosines mediate association of chemokines and Plasmodium

vivax Duffy binding protein with the Duffy antigen/receptor for chemo-

kines (DARC). Mol Microbiol 2005;55:1413-22.

Grimberg BT, Udomsangpetch R, Xainli J, McHenry A, Panichakul T,

Sattabongkot J, et al. Plasmodium vivax invasion of human erythrocytes

inhibited by antibodies directed against the Duffy binding protein. PLoS

Med 2007;4:e337.

King CL, Michon P, Shakri AR, Marcotty A, Stanisic D, Zimmerman PA,

et al. Naturally acquired Duffy-binding protein-specific binding inhibitory

antibodies confer protection from blood-stage Plasmodium vivax infec-
tion. Proc Natl Acad Sci U S A 2008;105:8363-8.

[53] Singh SK, Hora R, Belrhali H, Chitnis CE, Sharma A. Structural basis for
Dufty recognition by the malaria parasite Duffy-binding-like domain.
Nature 2006;439:741-4.

[54] Butler FA, Sapero JJ. Pacific vivax malaria in the American Negro. Am J
Trop Med Hyg 1947;27:111-5.

[55] Spencer HC, Miller LH, Collins WE, Knud-Hansen C, McGinnis MH,
Shiroishi T, et al. The Duffy blood group and resistance to Plasmodium
vivax in Honduras. Am J Trop Med Hyg 1978;24:664-70.

[56] Ryan JR, Stoute JA, Amon J, Dunton RF, Mtalib R, Koros J, et al.
Evidence for transmission of Plasmodium vivax among a Duffy antigen

[49

[51

[52

Please cite this article in press as: Mercereau-Puijalon O, Ménard D. Plasmodium vivax and the Duffy antigen: A paradigm revisited.
Transfusion Clinique et Biologique (2010), doi:10.1016/j.tracli.2010.06.005



http://dx.doi.org/10.1016/j.tracli.2010.06.005

+ Models
TRACLI-2509; No. of Pages 8

[57]

[58]

O. Mercereau-Puijalon, D. Ménard/ Transfusion Clinique et Biologique xxx (2010) xxx—xxx

negative population in Western Kenya. Am J Trop Med Hyg 2006;75:
575-81.

Cavasini CE, Mattos LC, Couto AA, Bonini-Domingos CR, Valencia SH,
Neiras WC, et al. Plasmodium vivax infection among Duffy antigen-
negative individuals from the Brazilian Amazon region: an exception?
Trans R Soc Trop Med Hyg 2007;101:1042—4.

Cavasini CE, de Mattos LC, Couto AA, Couto VS, Gollino Y, Moretti LJ,
et al. Duffy blood group gene polymorphisms among malaria vivax
patients in four areas of the Brazilian Amazon region. Malar J 2007;6:167.

[59] Escalante AA, Cornejo OE, Freeland DE, Poe AC, Durrego E, Collins
WE, et al. A monkey’s tale: the origin of Plasmodium vivax as a human
malaria parasite. Proc Natl Acad Sci U S A 2005;102:1980-5.

[60] Cornejo OE, Escalante AA. The origin and age of Plasmodium vivax.
Trends Parasitol 2006;22:558-63.

[61] Allen SJ, O’Donnell A, Alexander ND, Alpers MP, Peto TE, Clegg JB,
et al. Alpha+-Thalassemia protects children against disease caused by
other infections as well as malaria. Proc Natl Acad Sci U S A 1997;
94:14736-41.

Please cite this article in press as: Mercereau-Puijalon O, Ménard D. Plasmodium vivax and the Duffy antigen: A paradigm revisited.
Transfusion Clinique et Biologique (2010), doi:10.1016/j.tracli.2010.06.005



http://dx.doi.org/10.1016/j.tracli.2010.06.005

	Plasmodium vivax and the Duffy antigen: A paradigm revisited
	Introduction
	Duffy blood group antigen
	Plasmodium vivax
	Plasmodium vivax and disease severity
	Plasmodium vivax and the Duffy antigen in Africa
	Malariatherapy and experimental inoculations
	In vitro studies on Plasmodium vivax invasion
	Mechanism of RBC invasion of Plasmodium vivax merozoites
	Plasmodium vivax infections in Duffy-negative patients
	Assault to the paradigm in Madagascar
	Conclusions
	Conflict of interest
	Acknowledgements
	References


